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A B S T R A C T
Individuals with schizophrenia exhibit problems with understanding the figurative meaning of language. This
study evaluates neural correlates of diminished humor comprehension observed in schizophrenia. The study
included chronic schizophrenia (SCH) outpatients (n = 20), and sex, age and education level matched healthy
controls (n = 20). The fMRI punchline based humor comprehension task consisted of 60 stories of which 20 had
funny, 20 nonsensical and 20 neutral (not funny) punchlines. After the punchlines were presented, the parti-
cipants were asked to indicate whether the story was comprehensible and how funny it was. Three contrasts
were analyzed in both groups reflecting stages of humor processing: abstract vs neutral stories - incongruity
detection; funny vs abstract - incongruity resolution and elaboration; and funny vs neutral – complete humor
processing. Additionally, parametric modulation analysis was performed using both subjective ratings sepa-
rately. Between-group comparisons revealed that the SCH subjects had attenuated activation in the right pos-
terior superior temporal gyrus (BA 41) in case of irresolvable incongruity processing of nonsensical puns; in the
left dorsomedial middle and superior frontal gyri (BA 8/9) in case of incongruity resolution and elaboration
processing of funny puns; and in the interhemispheric dorsal anterior cingulate cortex (BA 24) in case of
complete processing of funny puns. Additionally, during comprehensibility ratings the SCH group showed a
suppressed activity in the left dorsomedial middle and superior frontal gyri (BA 8/9) and revealed weaker
activation during funniness ratings in the left dorsal anterior cingulate cortex (BA 24). Interestingly, these dif-
ferences in the SCH group were accompanied behaviorally by a protraction of time in both types of rating
responses and by indicating funny punchlines less comprehensible. Summarizing, our results indicate neural
substrates of humor comprehension processing impairments in schizophrenia, which is accompanied by fronto-
temporal hypoactivation.
1. Introduction
Schizophrenia is a mental illness characterized by various psycho-
pathological symptoms with a number of cognitive, emotional and
communication impairments which together influence social func-
tioning of the patients (Cechnicki, 2011; Howes and Murray, 2014; Nutt
and Need, 2014). Recent reports indicate that diminished commu-
nication skills may be considered one of the most important features of
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schizophrenia outcome and recovery (Adamczyk et al., 2016;
Falkenberg et al., 2007; Niznikiewicz et al., 2013; Titone, 2010; Wible,
2012).
Figurative meaning of speech (e.g. humor, metaphor, irony) is a key
part of human language abilities. For example, the ability to use and
experience humor is an important quality of human social functioning,
which enriches social relations and improves cooperation between
people (Goel and Dolan, 2001; Mobbs et al., 2003; Polimeni and Reiss,
2006a; Vrticka et al., 2013). Studies on humor appreciation in schizo-
phrenia published to date point unequivocally toward disturbed pro-
cesses related to comprehension and/or appreciation of humor, along
with occasional contradictory conclusions concerning the relationship
between the occurrence of this deficit and the severity of psycho-
pathological symptoms (Adamczyk et al., 2016; Bozikas et al., 2007;
Corcoran et al., 1997; Davenport, 2008; Falkenberg et al., 2007;
Marjoram et al., 2006; Polimeni and Reiss, 2006b; Polimeni et al., 2010;
Tsoi et al., 2008). It is notable that certain tests indicate that people
with schizophrenia may benefit from humor training intervention
during the recovery process, which improves their ability to understand
and use humor (Cai et al., 2014) or reduces psychopathology and im-
proves self-esteem and coping (Falkenberg et al., 2007; Gelkopf et al.,
1993, 1994, 2006; Witztum et al., 1999). However, there is still in-
sufficient data to fully explain this deficit and its causes. Aside from
behavioral evidence, we do not know much about neural mechanisms
of humor processing impairments in people with schizophrenia. Im-
portantly, only one exceptional study to date has examined schizo-
phrenia-related functional magnetic resonance imaging (fMRI) re-
sponses during humor processing. Namely, the study of Marjoram et al.
(2006) on high-risk relatives of individuals with schizophrenia in-
dicates reduced prefrontal cortex (PFC) activations during theory of
mind (ToM) humor processing related to history of psychotic-like po-
sitive symptoms.
A literature review suggests that the nature of humor impairments
observed in schizophrenia is related to deficiencies in set shifting and
semantic cognition in a given linguistic context, with a general ten-
dency to use literal language and difficulties in understanding figura-
tive meanings (Kircher et al., 2007; Kuperberg and Caplan, 2003;
Kuperberg et al., 1998; Polimeni et al., 2010; Rapp et al., 2013). Our
previous results are in line with the above, since in a group of people
with schizophrenia who were assessed with the Right Hemisphere
Language Battery (RHLB, Bryan, 1995; RHLB-PL, Łojek, 2007) we ob-
served a poorer performance of the humor subtest among others di-
minished specific communication skills, i.e. metaphors (Adamczyk
et al., 2016). In the RHLB humor test, consisting of matching one of
three available endings to stories in order to create jokes, people with
schizophrenia made more mistakes than healthy controls by choosing
mainly neutral or sometimes absurd endings. This may suggest that
people with schizophrenia exhibit problems primarily with under-
standing figurative meanings and/or semantic reorganization of funny
endings.
Humor seems to involve certain cognitive mechanisms involving set
shifting, unexpected stimuli and social assessments. In humor research
various forms of stimuli such as cartoons, short films or funny stories,
i.e. jokes, were used (for an extended review see: Vrticka et al., 2013).
In theory, a joke is complex linguistic material and its humorous nature
is manifested by surprising endings. Comprehension of a joke elicits an
emotional response of amusement. Theoretically, this response results
from a correct reinterpretation of the story in agreement with the sur-
prising ending. In other words, to comprehend a joke one needs to
successfully resolve the surprising incongruity of the punchline and the
remaining content of the joke (Suls, 1972; Wyer and Collins, 1992). The
process of ‘getting a joke’ can be therefore divided into two major
phases: comprehension and elaboration. In the comprehension phase a
person detects the surprising incongruity of the punchline with the
previous content of the story (setup) and then restores the coherence by
a reinterpretation of the story. In the elaboration phase the implications
resulting from this reinterpretation cause the emotional response of
amusement (Wyer and Collins, 1992). In a revised model of neuronal
networks involved in verbal joke processing, developed by Chan et al.
(2013) based on the theoretical approach by Suls (1972), Wyer and
Collins (1992) and previous neuroimaging studies (i.e. Bartolo et al.,
2006; Bekinschtein et al., 2011; Chan et al., 2012; Chou et al., 2009;
Goel and Dolan, 2001, 2007; Mobbs et al., 2003; Moran et al., 2004;
Samson et al., 2008, 2009; Wild et al., 2003), emphasis was placed on a
clear division of the two separate steps of the comprehension phase
between incongruity detection and incongruity resolution. Finally, this
hypothetical three-step model of the ‘getting a joke’ process consists of
incongruity detection, incongruity resolution and elaboration, which
evoke amusement. In a novel procedure implemented by the authors of
this paper, subjects were presented with one of three possible endings
to garden-path designed stories they have read: unfunny, nonsensical or
funny. This made it possible to investigate separate processes in humor
comprehension: the incongruity detection and resolution stages. Thus,
this three-step model of humor comprehension may be considered a
hypothetical model for studying verbal humor processing with fMRI.
However, considering complex nature of humor as a specific psycho-
biological phenomenon (Veatch, 1998) and considering pioneering
nature of neuroimaging studies on humor, it should be recognized, that
this theoretical approach is still highly speculative and there is a lack of
a fully acceptable model of humor processing. On the other hand, the
theoretical approach of Suls (1972) and Wyer and Collins (1992) is
commonly used across humor fMRI study design (see Vrticka et al.,
2013).
Data from healthy controls indicates that humor processing involves
neural network connections including frontal, temporal and parietal
region activation as a response to the cognitive component of humor
processing. In particular, neuroimaging studies by Chan et al. (2013)
showed activation in the middle temporal gyrus (MTG) and medial
frontal gyrus (MFG) of the right hemisphere during incongruity detec-
tion. Other research indicated engagement of the right temporal cor-
tices in the processing of surprising, unexpected or less probable word
meanings and its integration within semantic context (Federmeier and
Kutas, 1999; Goel and Dolan, 2001; St George et al., 1999). Incongruity
resolution activates the left hemisphere and includes the dorsomedial
MFG and Superior Frontal Gyrus (SFG), temporoparietal junction (TPJ)
and precuneus (Bartolo et al., 2006; Chan et al., 2013; Marjoram et al.,
2006; Samson et al., 2008, 2009). Successful comprehension of jokes is
related to TPJ activation, which is greater if the humor content is re-
lated to ToM processing (Bartolo et al., 2006; Campbell et al., 2015;
Goel and Dolan, 2001; Kohn et al., 2011; Mobbs et al., 2003; Samson
et al., 2008; Wild et al., 2003). This region is also activated during the
detection and processing of unexpected stimuli, such as the process of
incongruity detection and resolution (Neely et al., 2012; Vrticka et al.,
2013). Other studies revealed activation of the SFG in relation to humor
appreciation (Campbell et al., 2015). Neural correlates of the emotional
component (e.g. feeling of amusement/mirth) were found in the orbi-
tofrontal/ventromedial prefrontal cortex (PFC), ventral anterior cin-
gulate cortex (ACC), insula, amygdala and parahippocampal gyri
(Bartolo et al., 2006; Chan et al., 2012; Franklin and Adams, 2011; Goel
and Dolan, 2001; Mobbs et al., 2003; Samson et al., 2008, 2009; Wild
et al., 2003, 2006). Activation of the caudate nuclei correlates with
enjoyable successful processing of jokes (Franklin and Adams, 2011;
Mobbs et al., 2005). Lastly, cerebellum is also engaged in humor per-
ception and appreciation and in laughter (Bartolo et al., 2006; Frank
et al., 2012, 2013; Franklin and Adams, 2011; Goel and Dolan, 2007;
Wild et al., 2003). It should be noted that activated regions differ across
different studies, which may be due to differences in procedures im-
plemented (for an extended review see Vrticka et al., 2013).
Although analysis of current literature data unequivocally indicates
the presence of communication deficits in schizophrenia, the neural
basis of the observed impairments of humor as an important figurative
aspect of language is not sufficiently studied. To the best of our
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knowledge, there has been no fMRI research conducted to date into
diminished humor comprehension in schizophrenia. A single fMRI
study on relatives of individuals with schizophrenia (with an enhanced
risk of schizophrenia) reported hypoactivation in the PFC (BA 6/8/9)
during ToM humor processing (Marjoram et al., 2006).
Interestingly, scarce data exists on metaphor processing, indicating
functional and structural disturbances in the neural network during
metaphor processing in schizophrenia, as assessed by neuroimaging
methods, e.g. fMRI (Kircher et al., 2007; Mashal et al., 2013, 2014;
Straube et al., 2013, 2014) and electroencephalography (EEG,
Schneider et al., 2015). Pioneering fMRI research in this topic showed
that people with schizophrenia exhibited greater activation in the left
inferior frontal gyrus (IFG, BA 45/47) alongside suppressed activation
in the right posterior superior temporal gyrus (STG, BA 39) and the
right precuneus (BA 7) during metaphor processing (Kircher et al.,
2007). Concluding their findings, authors indicate that hypoactivation
in these brain regions underlies the clinical symptom of concretism in
schizophrenia. Next, this impaired neural activity may be responsible
for disturbances in understanding of figurative meaning of speech (e.g.
non-literal, semantically complex language structures; Kircher et al.,
2007).
Another experimental investigation found that people with schizo-
phrenia are characterized by diminished activation and abnormal
connectivity in the left fronto-temporal regions (IFG – MTG) during
metaphorical gesture processing (Straube et al., 2013, 2014) and sup-
pressed activation in the right IFG, together with compensatory hy-
peractivation in the left fronto-parietal regions (e.g. IFG/MFG – Pre-
cuneus) observed during metaphorical content analysis as compared to
healthy controls (Mashal et al., 2013, 2014). The latest research
(Schneider et al., 2015) employing simultaneous functional near-in-
frared spectroscopy (fNIRS) and EEG event-related potentials (ERPs)
reveals that schizophrenia patients show different cortical electro-
physiological and hemodynamic activations which relate to impair-
ments in the processing of figurative meaning of language. Non-specific
alterations in the N400 amplitude and differences in language com-
prehension activity in the left hemisphere (Schneider et al., 2015) were
observed.
Based on our previous findings regarding schizophrenia-related
impairments in humor processing (Adamczyk et al., 2016), this study
evaluated neural substrates of diminished humor comprehension ob-
served in schizophrenia. To investigate the nature of this deficit and to
localize cortical areas involved in humor processing we used fMRI. In
order to reveal activation differences in humor-related brain neural
network processing during verbal humor comprehension and elabora-
tion, the study included comparisons of patterns of brain activations
between healthy controls and schizophrenia subjects.
2. Materials and methods
2.1. Subjects
All subjects gave their informed consent to participate and were
tested individually by psychologists (interview and MoCA assessment),
psychiatrists (clinical interview and PANSS assessment) and technicians
(fMRI scanning). Additionally, each participant signed a further form
about risks and exclusion criteria of fMRI scanning which were pro-
vided by the Małopolska Centre of Biotechnology at the Jagiellonian
University, Kraków. The procedures were designed in accordance with
the ethical standards of the World Medical Association Declaration of
Helsinki (2013) and approved by the Bioethical Committee of Colle-
gium Medicum at the Jagiellonian University in Kraków. All partici-
pants (n = 45) were remunerated for their participation in the ex-
periment immediately after MR data acquisition (€16) and received a
DVD with their own anatomical brain scans.
The study included two groups: 25 clinical subjects (SCH) and 20
healthy controls (CON). The clinical group consisted of people
diagnosed with ICD-10 schizophrenia (World Health Organization,
2011), who were participants in a complex psychotherapeutically-or-
iented community psychiatry treatment and rehabilitation program in
Kraków, Poland (Adamczyk et al., 2016; Cechnicki, 2011) and who
were recruited through advertising in the local network of outpatients
clinics and rehabilitation centers. Diagnoses were made by experienced
psychiatrists based on clinical interviews and medical documentation.
The mean dose of antipsychotics for each subject from the clinical
group was calculated as chlorpromazine equivalents (according to:
Atkins et al., 1997; Gardner et al., 2010; Woods, 2003). The severity of
psychopathological symptoms was assessed using the Positive and Ne-
gative Syndrome Scale (PANSS; Kay et al., 1987). It assesses five fac-
tors: positive symptoms, negative symptoms, disorganization symp-
toms, excitement and emotional distress. Outcomes were calculated
based on results presented in the meta-analysis by van der Gaag et al.
(2006). Only the items which proved significant in all factor analyses
were included in the calculation for each syndrome.
All clinical subjects were in a stable psychopathological condition
for several weeks before undergoing the MRI scan and no complaints
concerning the worsening of the subjects' mental condition were re-
ceived following the study. Throughout the MRI procedure, each clin-
ical subject was additionally accompanied by a psychologist for on-
demand psychological assistance, if necessary.
None of the participants had a history of head injuries, seizures,
substance dependence or any serious, current somatic illnesses. All
were right-handed native Polish speakers. The Polish adaptation of the
Montreal Cognitive Assessment (MoCA, available at www.mocatest.org;
Nasreddine et al., 2005) was used as a general measure of basic cog-
nitive skills.
The groups did not differ in terms of age, sex distribution or level of
education, although we found significant differences in total MoCA
scores. The SCH group obtained a lower total score than the CON group,
revealing the cognitive deficits which are prominent and characteristic
of the schizophrenia population (Adamczyk et al., 2016; Fisekovic
et al., 2012; Levy et al., 2014; Rodríguez-Bores Ramírez et al., 2014).
The clinical data on the SCH group indicates a long-term course of
illness and a relatively stable psychopathological profile. The group is
treated in a therapeutic program utilizing atypical neuroleptics in 96%
of the cases. Due to motor artifacts during MRI scanning, five SCH
subjects were excluded from further fMRI data analysis. Demographic
and clinical data is presented in Table 1.
2.2. Experimental procedure
2.2.1. Stimuli
120 funny stories in Polish were selected from vast collections of
jokes found online, taking care to avoid excessively vulgar and/or
sexist, racist, religious and political content. After pre-selection, all
stories in their original form were adapted to create three types of
endings, following the procedure described by Chan et al. (2013). The
three conditions were: funny (FUN) - original endings; neutral (NEU) -
unfunny endings; and abstract (ABS) - nonsensical endings. When the
original (e.g. semantically congruent and funny) punchlines were re-
placed with neutral or nonsensical ones, NEU was semantically con-
gruent and unfunny, while ABS was nonsensical sentences with irre-
solvable incongruities and which were unfunny. This partially reflects
three stages of humor processing (Chan et al., 2012, 2013; Vrticka
et al., 2013). Significantly, differences in examined stimuli construction
which were used in the present fMRI assessments (e.g. complex
punchline based stories vs garden-path stories (Chan et al., 2012, 2013)
make both contrasts designs only partially parallel. Specifically, con-
trasts designed in this study formed the basis of the incongruity de-
tection (ABS vs NEU), incongruity resolution and elaboration (FUN vs
ABS) and complete humor processing (FUN vs NEU) containing all
three phases of humor processing (e.g. incongruity detection, incon-
gruity resolution and elaboration). Next, the stories were presented for
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pre-selective judgment to 60 healthy people who rated all three con-
ditions for their comprehensibility and funniness on the 1–9 Likert scale
(from 1 = totally incomprehensible or unfunny to 9 = totally com-
prehensible or funny). Three separate sets were prepared prior to the
judgment to ensure that each person rated only one version of the same
story (setup). As a result, three sets containing 120 stories with various
endings were created (40 funny, 40 unfunny, 40 abstract). The pre-
selected stories were presented on a computer screen and ratings were
provided using a keyboard.
Next, the funny stories were chosen only when they were rated
more highly than 6 on the funniness scale and> 6 on the compre-
hensibility scale. Neutral stories were chosen when they scored no more
highly than 3 on the funniness scale, and more highly than 6 on the
comprehensibility scale. Abstract endings were chosen when the rating
was no> 3 on the funniness and comprehensibility scales. Ratings for
chosen stories are presented in Table 2.
Finally, each stimulus contained two components: a setup and a
punchline. The setups were between six and 41 words long
(mean = 20.63; SD = 8.08) and the punchlines were between one and
18 words long (mean = 6.03; SD = 3.19). Each type of punchline was
presented 20 times so that the functional run contained the same 60
stimuli for every subject (20 FUN, 20 NEU, 20 ABS). The presentation
order was randomized. All procedures were designed and presented
using the PsychoPy v1.82.01 software (Peirce, 2009).
2.2.2. Experimental task
Before entering the MRI scanner all participants were advised to
keep their heads very still during the procedure. The experimental task
was presented on an MRI compatible screen and responses were
collected using fiber-optic response button grips (Nordic Neuro Lab,
Bergen, Norway). At the start of the functional run, participants read
short instructions on the screen about how to provide ratings for the
comprehension and funniness scales. Comprehensibility was rated on a
dichotomous scale (0 = no/“not understandable” vs 1 = yes/“under-
standable”), whereas funniness was rated on a 9-point Likert-type scale
(1 = “not funny at all” to 9 = “very funny”). They were then shown
three (or more, if necessary) examples to train their responses before
the actual test. Ratings were provided by the right hand index and
middle fingers (as left and right arrows, respectively) and thumb to
accept the chosen answer. Reaction times (RT) of each rating were
collected (i.e. the time from the appearance of the rating scale until the
Table 1
Demographic and clinical data.
Demographic and clinical data Healthy controls (n = 20) Schizophrenia outpatients (n = 20) Test for between-group differences
Age Mean (± SD) Mean (± SD) t = 0.13; ns
Z adj. = 0.28; ns39.55 (9.50) 39.95 (9.49)
Sex n (%) n (%) Chi^2 = 0.10; ns
Male 11 (55%) 10 (50%)
Female 9 (45%) 10 (50%)
Education (in years) 13.80 (2.21) 14.80 (2.38) t = 1.38; ns
Z adj. = 1.42; ns
MoCA 26.55 (2.93) 25.00 (2.36) t = −1.84; p = 0.073
Z adj. = −2.08; p = 0.037
Schizophrenia diagnosis: n (%) n (%)
Paranoid n/a 16 (80%)
Undifferentiated n/a 2 (10%)
Schizoaffective disorder n/a 2 (10%)
Type of pharmacotherapy: n (%) n (%)
Atypical antipsychotics n/a 14 (70%)
Typical and atypical antypsychotics mixed n/a 5 (25%)
Anxiolytics n/a 2 (10%)
Antidepressants n/a 2 (10%)
Mood stabilizers n/a 4 (20%)
Characteristic of the illness: Mean (± SD) Mean (± SD)
Duration of psychosis (in years) n/a 16.65 (8.17)
Number of relapses n/a 9.35 (8.02)
Number of hospitalizations n/a 7.90 (5.54)
Chlorpromazine equivalent (mg/day) n/a 495.00 (339.08)
PANSS Mean (± SD) Mean (± SD)
Total n/a 55.35 (16.14)
Positive n/a 10.60 (5.04)
Negative n/a 14.95 (5.04)
Disorganization n/a 8.40 (4.24)
Excitement n/a 5.90 (2.43)
Emotional distress n/a 8.20 (2.84)
Subjects demographics and clinical data were presented as n (%) for nominal variable and as mean ± standard deviation (SD) for quantitative data. Schizophrenia diagnosis was
indicated by ICD-10 and contains: paranoid schizophrenia (F.20.0), undifferentiated schizophrenia (F20.3) and schizoaffective disorder (F25.0). All but one patient were taking anti-
psychotic medication, including conventional (1st generation: flupentixol, haloperidol, levomepromazine, promazine) and/or atypical (2nd generation: amisulpride, clozapine, olan-
zapine, risperidone, sulpiride, quetiapine; 3rd generation: aripiprazole) neuroleptics. Additionally, some patients received antidepressants (escitalopram, paroxetine), anxiolytics (hy-
droxyzine) and/or mood stabilizers (carbamazepine, lithium, valproic acid). The significance level in all statistical analyses equaled alpha = 0.05. n/a – non available; ns - non-significant
group difference.
Table 2
Means and standard deviations of funniness and comprehensibility ratings for every type
of punchline in pre-selective judgements.
Type of punchline Funniness rating
(Welch's F, p < 0.001)⁎
Comprehensibility rating
(Welch's F, p < 0.001)⁎⁎
Mean (n = 20) ± SD Mean (n = 20) ± SD
Funny (FUN) 6.75 0.50 8.41 0.32
Neutral (NEU) 2.22 0.36 6.70 0.53
Abstract (ABS) 1.82 0.49 2.59 1.08
Scores of pre-selective ratings assessed by a panel of judges were presented as mean ±
standard deviation (SD) for all types of punchlines. All differences between punchlines
proved significant when assessed with Welch's ANOVA and post-hoc Tukey test, both for
funniness and comprehensibility ratings.
⁎ Abstract vs Neutral difference at p = 0.018, other Tukey's post-hoc tests p < 0.001.
⁎⁎ All Tukey's post-hoc tests p < 0.001.
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subject's rating confirmation by pressing the response-key under their
thumb); however, no time restrictions were given. On completion of the
training, the test was started by displaying the word ‘start’ and fixation-
cross. Each participant was presented 60 stories in a randomized order,
with 20 items for each of the three endings (FUN, NEU, ABS). Each
setup was shown for 18 s. Each punchline was shown for 8 s. After the
punchline was presented, the participants were asked to provide a
subjective judgment on the comprehensibility and funniness of the
stories. The trials were separated by interstimulus intervals (ISI) ran-
domly varying from 3 to 9 s. One functional run was provided for max
45 min (see Fig. 1). The total time for the structural and functional run
in the MRI scanner was approx. 1 h per person.
2.3. MRI data acquisition
Magnetic resonance imaging (MRI) was performed using a 3T
scanner (Magnetom Skyra, Siemens). High-resolution, anatomical
images were acquired using the T1 MPRAGE sequence (sagittal slices;
1 × 1 × 1.1 mm3 voxel size; TR = 2300 ms, TE = 2.98 ms).
Functional images were acquired using a 32-channel head coil and
EPI sequence. The scan parameters were as follows: 3 mm isotropic
voxel, TR = 2000 ms, TE = 27 ms, flip angle = 90°, FOV
192 × 192 mm2, GRAPPA acceleration factor 2, and phase encoding A/
P. Whole brain images (cerebellum included) were covered with 37
axial slices with a 20% gap between slices (distant factor = 0.6 mm),
taken in an interleaved, ascending fashion. Due to magnetic saturation
effects, the first four volumes (dummy scans) of each run were dis-
carded.
Additionally, a B0 inhomogeneity field map was acquired with a
dual echo gradient echo sequence matched spatially with fMRI scans
(TE1 = 4.92 ms, TE2 = 7.38 ms, TR = 466 ms).
2.3.1. fMRI data preprocessing
Data processing was performed using the SPM12 software
(Statistical Parametric Mapping, Wellcome Department of Cognitive
Neurology, London, UK). The processing pipeline included calculation
of voxel displacement using FieldMap, unwarping through a field map
correction, motion correction (realignment) of functional images using
a six-parameter rigid body transformation, co-registration to the ana-
tomical reference image, segmentation into separate tissues (white
matter, grey matter and cerebrospinal fluid), normalization to a stan-
dard MNI stereotaxic space with 3 mm isotropic voxels using a 12-
parameter affine transformation and spatial smoothing using an 8 mm
Gaussian kernel. The ART toolbox was used to detect and reject scans
with excessive movements with the following threshold parameters,
relative to the previous scan: global intensity 3 z, linear movements (x,
y, z) 1 mm, and rotations (p, r, y) 0.02°. Subjects with scan rejection
rates> 20% were eliminated from further analysis. Five subjects were
eliminated, all of them from the SCH group. Low frequency signal




Individual ratings of comprehensibility and funniness and reaction
times (RTs) were collected for every stimulus. Individual means for
each condition (FUN, ABS, NEU) were computed for RTs for both
funniness and comprehensibility answers. We followed the same pro-
cedure when analyzing funniness ratings. A slightly different procedure
was used for comprehensibility ratings. We expected the subjects to rate
NEU and FUN punchlined stories as comprehensible, whereas ABS
punchlined stories as incomprehensible. Therefore, in case of NEU and,
separately, FUN punchlines, for each subject we calculated a sum of
responses rating the story as comprehensible, whereas for ABS pun-
chlines we summed up ratings indicating that the story was in-
comprehensible. Given that each punchline appeared 20 times, each
subject could have a maximum score of 20 and a minimum of 0 for each
type of punchline. To analyze the differences we used the U Mann-
Whitney test, as the data violated assumptions for ANOVA's planned
comparisons (i.e. non-normal distributions and unequal variances).
2.4.2. fMRI within-group and between-group contrasts and parametric
modulation of the rating responses and a 2-stage masking procedure for
incongruity resolution and elaboration
The general linear model (GLM) was applied in a canonical pattern
of the hemodynamic function. Three separate models were applied. The
first included the setup, the punchline (with three levels: FUN, ABS,
NEU), and the response period. The other two models included the
same stages, but the punchline was not distinguished between the
conditions. Instead, the individual ratings on either comprehensibility
or funniness for each punchline were included as parametric mod-
ulators. At the 2nd level of analysis, the groups were analyzed sepa-
rately except for the comparisons between the CON and SCH groups. A
non-parametric whole-brain voxel-wise Pseudo-t-test with variance
smoothed with full-width-at-half-maximum (FWHM) 6 × 6 ×6 mm
and 10,000 permutations using the Statistical NonParametric Mapping
(SnPM13) toolbox (http://warwick.ac.uk/snpm) was used.
Localizations were reported as a local maximum threshold with
k≥ 10 voxels threshold and with False Discovery Rate (FDR) correc-
tion at alpha = 0.050, or uncorrected at alpha = 0.001. Three main
within-group and between-group contrasts were provided separately: 1)
incongruity detection (ABS vs NEU); 2) incongruity resolution and
elaboration (FUN vs ABS); 3) complete humor processing (FUN vs
NEU). Additionally, in order to further differentiate the areas involved
in processing the incongruity resolution and elaboration, parametric
modulation analysis of the within-group and between-group contrasts
was performed using both subjective ratings separately (i.e. compre-
hensibility and funniness). Finally, a 2-stage masking procedure was
performed in order to provide more precise and specific information
Fig. 1. Scheme of experimental stimuli presentation. Abbreviations: # - no time limit for rating responses; * - random order of presentations; ISI – interstimulus-interval; RT - reaction
time measurement; SOA – stimulus onset asynchrony; experimental conditions description: ABS – absurd punchline (incomprehensible and unfunny content); FUN – funny punchline
(comprehensible and funny content); NEU – neutral punchline (comprehensible and unfunny content).
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about incongruity resolution and elaboration phases. Masks of two
contrast maps (FUN vs ABS and FUN vs NEU) thresholded at significant
level (p = 0.001, uncorrected) were created. Then, conjunction of
those binary masks was done resulting in a map of brain regions acti-
vated in both contrast.
Each contrast included bidirectional comparisons, e.g. hyper-
activated regions were reported under a positive contrast (a > b) and
hypofunction under a negative one (a < b).
3. Results
3.1. Behavioral data: ratings of comprehensibility and funniness and RT
The between-group comparisons of the means of comprehensibility
and funniness ratings for the three types of punchlines revealed just one
significant difference in the comprehensibility of funny punchlines (Z-
adj. =−2.29, p = 0.022), with SCH subjects revealing a lower level of
understanding of the jokes. Noteworthy, although non-significant,
trends toward differences are visible in the funniness ratings for absurd
and funny punchlines with SCH subjects finding them more and less
funny than controls, respectively. Data for the ratings of all types of
punchlines are presented in Table 3.
RT data showed a significant increase of RT across the SCH group,
with the subjects reacting more slowly than the control group, with
significant differences present in all except one comparison. RT data is
presented in Table 4.
3.2. fMRI results
3.2.1. Incongruity detection: the nonsensical (ABS) vs unfunny (NEU)
conditions
The within-group contrasts for the ABS vs NEU conditions revealed
hyperactivation (ABS > NEU) in the bilateral ventromedial IFG (BA
11/47) and in the right dorsal ACC (BA 24) in the CON group but not
within the SCH group.
Next, we found hypoactivation (ABS < NEU) in the CON group
including bilateral ventrolateral IFG (BA 10/47) and bilateral dorso-
lateral MFG (BA 8/9) which were not presented in the SCH group.
However, both groups showed somewhat similar hypoactivation in the
left dorsomedial SFG (BA 8/9 - CON; BA 6 - SCH); the right MTG/
Temporal Pole (anterior MTG/TP, BA 21/38 - CON; posterior MTG/
STG, BA 21/22 – SCH); and the bilateral Middle Occipital Gyrus (MOC,
BA 18 - CON; BA - 19 SCH). Interestingly, while within the CON group
we observed deactivation in the left dorsolateral Inferior Parietal
Lobule (IPL, BA 40), activation in the SCH group appeared
contralaterally in the right subgyral part of the IPL (BA 40). Detailed
information is presented in Table 5 and Inline Supplementary Figures
(Fig. 1, Fig. 2).
3.2.2. Incongruity resolution and elaboration: Funny (FUN) vs nonsensical
(ABS) conditions
The within-group contrast for the FUN vs ABS conditions revealed
hyperactivation (FUN > ABS) in similar brain regions for both groups:
the left dorsomedial SFG (BA 8/9); the right anterior TP (TP/MTG, BA
21/38 - CON; TP/STG, BA 38 - SCH); bilateral TPJ (BA 39/40); and the
left precuneus (BA 31). Within the CON group we found additional
activations in the left posterior cerebellum and the caudate nucleus.
Within the SCH group we found additional activations in the bilateral
posterior temporal lobe (MTG/STG, BA 21/22). Hypoactivaction
(FUN < ABS) was found in the CON group only and included the bi-
lateral ventromedial (BA 11/47) and the right dorsolateral (BA 10/46)
IFG. Detailed information is presented in Table 5 and Inline Supple-
mentary Figures (Fig. 3, Fig. 4).
3.2.3. Complete humor processing: the funny (FUN) vs unfunny (NEU)
conditions
The within-group contrast for the FUN vs NEU conditions revealed
hyperactivation (FUN > NEU) in the bilateral TPJ (BA 39/40) for both
groups. Within the CON group we found additional activations in the
left anterior MTG/STG (BA 21) and the right anterior TP (BA 21/38)
and posterior MTG/STG (BA 22). Additionally, we found hypoactiva-
tion (FUN < NEU) in the right dorsolateral IFG (BA 10/46) and orbital
SFG (BA 10). Within the SCH group, the only additional activation
appeared in the left ventrolateral IFG (BA 45). Detailed information is
presented in Table 5 and Inline Supplementary Figures (Fig. 5, Fig. 6).
3.2.4. Parametric modulations of comprehensibility and funniness ratings
and 2-stage masking procedure for incongruity resolution and elaboration
3.2.4.1. Comprehensibility rating. The model with comprehensibility
ratings as a parametric modulator revealed different patterns of brain
hyperactivation (comprehensible > incomprehensible) in both
groups. In the CON group we found interhemispheric (L > R)
activation of the dorsomedial MFG/SFG (BA 8/9/10) with activation
of the right ventrolateral IFG (BA 47) and bilateral deactivation in the
ventromedial IFG (10/11/47). Within the SCH group frontal activation
was found in the left dorsomedial SFG (BA 8/9) only. Next, the CON
group revealed bilateral activations in the anterior temporal cortices
(MTG/TP, BA 21/38) with deactivation in the left posterior STG (BA
22). Within the SCH group we found bilateral activation in the posterior
MTG/STG (BA 21/22). The TPJ (BA 39/40) was activated bilaterally
(L > R) within the CON group. In the SCH group only left TPJ (BA 39/
40) was activated. Finally, within the CON group we found additional
Table 3










Mean ± SD Mean ± SD Z adjusted p-value
Comprehensibilitya
FUN 19.35 1.60 17.80 2.69 −2.29 0.022
NEU 18.55 3.97 19.05 1.57 0.03 0.976
ABS 19.40 0.99 17.95 3.95 −1.32 0.188
Funninessb
FUN 6.86 1.15 6.16 1.28 −1.89 0.058
NEU 2.49 1.62 3.13 2.11 1.20 0.228
ABS 1.66 0.73 2.73 1.98 1.92 0.055
Scores of ratings were presented as mean ± standard deviation (SD) for all types of
punchlines. The significance level in all statistical analyses equaled alpha = 0.05.
a Sum of responses indicating the story was rated as comprehensible in case of NEU and
FUN punchlines, or non-comprehensible in case of ABS punchlines, with max score = 20
(min = 0).
b Mean of responses on a 1–9 Likert type scale (max score: 9 - very funny).
Table 4










Mean ± SD Mean ± SD Z adjusted p-value
Comprehensibility
FUN 2.53 1.05 3.96 2.73 2.61 0.009
NEU 2.73 0.99 3.89 2.50 1.77 0.076
ABS 2.45 0.80 3.33 1.44 2.23 0.026
Funniness
FUN 2.41 0.61 3.25 1.32 2.20 0.027
NEU 2.62 0.89 3.34 1.11 2.20 0.027
ABS 2.61 0.63 3.37 1.40 2.50 0.012
Reaction times (RT) for ratings were presented as mean ± standard deviation (SD) for all
types of punchlines. The significance level in all statistical analyses equaled alpha = 0.05.
Mean and SD are presented in seconds.
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activation in the left caudate nucleus with activation of the left and
deactivation of the right precuneus (BA 31). Within the SCH group only
the left precuneus (BA 31) was activated. Detailed information is
presented in Table 6 and Inline Supplementary Figures (Fig. 7, Fig. 8).
3.2.4.2. Funniness rating. The within-group model with funniness
ratings as the parametric modulator revealed different patterns of
brain hyperactivation (funny > unfunny) in both groups. Within the
CON group we found interhemispheric activation in the dorsomedial
STG (BA 9/10) and the right ventrolateral IFG (BA 47) with
deactivation in the right dorsolateral (BA 10) and ventromedial (BA
11) IFG. Within the SCH group there were no frontal responses. In the
temporal lobe, the CON group revealed activations in the right anterior
MTG/TP (BA 21/38). In the SCH group activation appeared in the right
posterior MTG (BA 21). Next, we observed activation in the left
posterior cerebellum within the CON group only and in the right
caudate nucleus within the SCH group only. The similar activations in
both groups included only the bilateral TPJ (BA 39/40) and the left
precuneus (BA 31). Detailed information is presented in Table 6 and
Inline Supplementary Figures (Fig. 9, Fig. 10).
3.2.4.3. 2-stage masking procedure for incongruity resolution and
elaboration. The within-group model with a 2-stage masking
procedure revealed different pattern of hyperactivation (FUN – ABS
masked by FUN - NEU) in both groups. Within the CON group we found
activation in the left anterior MTG (BA 21), the right anterior TP/MGT/
STG (BA 21/38) and posterior MTG/STG (BA 21/22), and the TPJ (BA
39/40) in both hemispheres. Within the SCH group we found only the
one preserved activation in the left posterior STG (including Angular)
(BA 22). Detailed information is presented in Table 6 and Inline
Supplementary Figure (Fig. 11).
Table 5
Results of the fMRI data on the three-step model of humor comprehension contrasts.
Contrast/side/brain region Healthy controls (n = 20) Schizophrenia outpatients (n = 20)
BA k MNI (x; y; z) Pseudo-t BA k MNI (x; y; z) Pseudo-t
1. INCONGRUITY DETECTION (ABS vs NEU)
Activations (ABS > NEU)
L ventromedial Inferior Frontal Gyrus 11/47 15 −24; 41; −10 5.38
R ventromedial Inferior Frontal Gyrus 11/47 13 27; 38; −10 4.56
R dorsal Anterior Cingulate Cortex 24 12 9; −4; 29 3.88
Deactivations (ABS < NEU)
L ventrolateral Inferior Frontal Gyrus 47/10 62 −42; 47; −7 4.99
R ventrolateral Inferior Frontal Gyrus 47/10 17 48; 47; −7 4.62
L > R dorsomedial Superior Frontal Gyrus/Middle Frontal Gyrus 8/9 828 −12; 32; 59 6.46 6 10 −12; 20; 62 3.44
L dorsolateral Middle Frontal Gyrus 8/9 18 −42; 8; 50 4.12
R dorsolateral Middle Frontal Gyrus 8/9 30 42; 23; 38 3.89
R anterior Middle Temporal Gyrus/Temporal Pole 21/38 52 51; 11; −28 6.25
R posterior Middle Temporal Gyrus/Superior Temporal Gyrus 21/22 16 36; −1; −16 3.37
15 42; −37; 11 3.90
L dorsolateral Inferior Parietal Lobe/Angular/Supramarginal Gyrus 40 41 −51; −58; 44 4.13
R Inferior Parietal Lobe 40 50 36; −43; 26 4.51
L Middle Occipital Gyrus 18 22 −15; −100; 5 4.44 19 14 −6; −94; 8 3.81
R Middle Occipital Gyrus 18 15 15; −97; 11 3.79 19 38 27; −85; 8 4.35
12 27; −73; 20 3.76
16 36; −70; −7 3.30
2. INCONGRUITY RESOLUTION AND ELABORATION (FUN vs ABS)
Activations (FUN > ABS)
L > R dorsomedial Superior Frontal Gyrus 8/9 1608 −6; 38; 41 10.40 8/9 46 −12; 44; 47 4.60
L posterior Middle Temporal Gyrus 21 23 −63; −37; −1 3.70
L posterior Superior Temporal Gyrus 22 40 −48; −28; −1 4.58
R anterior Middle Temporal Gyrus/Temporal Pole 21/38 701 51; 11; −28 7.38 38 37 48; 8; −22 4.59
R posterior Middle Temporal Gyrus/Superior Temporal Gyrus 21/22 110 51; −19; −7 5.22
14 72; −19; −4 3.77
L Temporo-Parietal Junction 39 40 2060 −51; −64; 32 8.24 39/40 236 −57; −58; 17 5.47
R Temporo-Parietal Junction 39/40 355 54; −52; 26 7.36 39/40 107 54; −61; 23 4.62
L > R Precuneus 31 189 −9; −49; 38 5.27 31 31 0; −55; 32 4.55
L posterior Cerebellum – 64 −24; −79; −31 5.07
L > R Caudate nucleus – 131 −12; 14; 14 4.83
Deactivations (FUN < ABS)
R dorsolateral Inferior Frontal Gyrus 46/10 20 42; 41; 11 4.71
R ventromedial Inferior Frontal Gyrus 11/47 34 21; 41; −7 4.70
L ventromedial Inferior Frontal Gyrus 47/11 25 −21; 44; −10 4.55
3. COMPLETE HUMOR PROCESSING (FUN vs NEU)
Activations (FUN > NEU)
L ventrolateral Inferior Frontal Gyrus 45 12 −45; 23; −1 3.73
L anterior Middle Temporal Gyrus/Superior Temporal Gyrus 21 16 −57; −4; −13 4.06
R anterior Middle Temporal Gyrus/Temporal Pole 21/38 119 51; −1; −31 4.38
R posterior Middle Temporal Gyrus/Superior Temporal Gyrus 22 17 54; −16; −7 4.34
L Temporo-Parietal Junction 39/40 381 −54; −61; 26 5.49 39/40 191 −57; −55; 14 4.33
R Temporo-Parietal Junction 39/40 59 60; −52; 26 4.68 39/40 11 57; −55; 20 4.58
Deactivations (FUN < NEU)
R dorsolateral Inferior Frontal Gyrus 46/10 21 42; 44; 17 4.51
R orbital Superior Frontal Gyrus 10 11 24; 56; −1 3.62
List of brain regions revealed by within-group's contrasts during humor comprehension process. Statistical analysis utilized a non-parametric whole-brain voxel-wise Pseudo-t-test.
Localizations are reported as local maximum threshold with k≥ 10 voxels extent threshold and with False Discovery Rate (FDR) correction at alpha = 0.0500, or uncorrected at
alpha = 0.0010. L – left hemisphere; R – right hemisphere; BA – Brodmann's area; k – number of voxels in analyzed cluster size; MNI - Montreal Neurological Institute coordinates.
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3.2.5. Between-group differences in brain activations during humor
processing
Between-group comparison contrast (CON > SCH) revealed im-
paired activation in the SCH group during all used contrasts. The BOLD
responses of subjects in the SCH group were characterized by hypo-
function of the right posterior STG (BA 41) during processing of irre-
solvable incongruities in absurd punchlines (ABS vs NEU), the left
dorsomedial MFG/SFG (BA 8/9) during resolution and elaboration of
incongruities for funny punchlines (FUN vs ABS) and the interhemi-
spheric dorsal ACC (BA 24) in complete humor processing contrast
(FUN vs NEU). Hypoactivation in the last two brain regions was re-
affirmed by parametric modulation analysis for comprehension and
funniness ratings. This indicates engagement of the left dorsomedial
frontal lobe in the successful incongruity resolution and elaboration
process together with a subjective comprehensibility rating and the
important role of the ACC in complete humor processing related with
subjective funniness rates of the jokes. Detailed information is pre-
sented in Table 7 and Figs. 2 and 3.
4. Discussion
To the best of our knowledge, this study is the first to indicate the
neural correlates of impaired verbal humor comprehension in schizo-
phrenia outpatients. Our results reveal that in comparison to healthy
controls, people with schizophrenia manifest different patterns of ac-
tivity throughout the neural circuits engaged in verbal humor
Table 6
Results of the fMRI data on the parametric modulation of the rating responses for comprehensibility and funniness and 2-stage masking for incongruity resolution and elaboration.
Contrast/side/brain region Healthy controls (n = 20) Schizophrenia outpatients (n = 20)
BA k MNI (x;y;z) Pseudo-t BA k MNI (x; y; z) Pseudo-t
1. Comprehensibility ratings
Activations (comprehensible > incomprehensible)
Interhemispheric (L > R) dorsomedial Superior Frontal Gyrus/Middle Frontal
Gyrus
8/9/10 1830 0; 50; 35 7.48
L dorsomedial Superior Frontal Gyrus 8/9 35 −12; 44; 47 3.81
R ventrolateral Inferior Frontal Gyrus 47 124 51; 44; −7 4.34
L anterior Middle Temporal Gyrus/Temporal Pole/Inferior Frontal Gyrus 21/38 1272 −54; 2; −25 7.62
L posterior Middle Temporal Gyrus/Superior Temporal Gyrus 21/22 30 −54; −31;
−1
4.00
R anterior Middle Temporal Gyrus/Temporal Pole 21/38 609 51; 11; −28 8.44
R posterior Middle Temporal Gyrus/Superior Temporal Gyrus 22 12 45; −22; −4 3.58
L Temporo-Parietal Junction 39/40 576 −57; −58; 29 7.35 39/40 20 −54; −61; 29 4.43
23 −54; −61; 14 4.11
R Temporo-Parietal Junction 39/40 216 57; −55; 29 6.07
L Precuneus 31 87 −9; −49; 38 4.46 31 12 −3; −52; 32 3.47
L Caudate – 42 −12; 11; 14 4.73
Deactivations (comprehensible < incomprehensible)
L ventromedial Inferior Frontal Gyrus 11/47 37 −24; 41; −10 5.13
R ventromedial Inferior Frontal Gyrus 10/47 32 24; 38; −10 4.73
L posterior Superior Temporal Gyrus 22 13 −30; −52; 11 4.08
R Precuneus 7/31 20 18; −61; 38 4.18
2. Funniness ratings
Activations (funny > unfunny)
Interhemispheric dorsomedial Superior Frontal Gyrus 9/10 1824 0; 53; 32 7.93
R ventrolateral Inferior Frontal Gyrus 47 91 54; 29; −7 4.03






R anterior Middle Temporal Gyrus/Temporal Pole 21/38 551 48; 8; −28 6.48
R posterior Middle Temporal Gyrus 21 17 48; −19; −10 3.29
L Temporo-Parietal Junction/Middle Temporal Gyrus/Temporal Pole 39/40 2729 −48; −67; 32 8.65 39/40 11 −48; −46; 26 3.01
R Temporo-Parietal Junction 39/40 1396 57; −55; 26 6.75 39/40 54 51; −58; 23 4.81
L Precuneus 31 566 0; −55; 38 5.84 31 12 −6; −58; 26 3.63
L posterior Cerebellum – 600 −21; −79;
−34
4.99
R Caudate nucleus – 37 15; 2; 20 3.88
Deactivations (funny < unfunny)
R dorsolateral Inferior Frontal Gyrus 10 44 42; 44; 14 4.87
R ventromedial Inferior Frontal Gyrus 11 11 21; 44; −10 4.42
3. 2-Stage masking for incongruity resolution and elaboration (FUN – ABS masked by FUN –
NEU)
Activations (funny > unfunny and absurd)
L anterior Middle Temporal Gyrus 21 10 −54, 2, −25 6.43
R anterior Temporal Pole/Middle Temporal Gyrus/Superior Temporal Gyrus 21/38 107 51, 11, −28 7.38
R posterior Middle Temporal Gyrus/Superior Temporal Gyrus 21/22 22 51, −13, −7 4.82
15 57, −31, −1 5.69
L Superior Temporal Gyrus/Angular 22/39 108 −57, −58, 17 5.47
L Temporo-Parietal Junction 39/40 277 −51, −64, 32 8.24
R Temporo-Parietal Junction 39/40 47 54, −52, 26 7.36
List of brain regions revealed by within-group's contrasts with comprehensibility and funniness ratings as parametric modulators and the 2-stage masking for incongruity resolution and
elaboration. Statistical analysis utilized a non-parametric whole-brain voxel-wise Pseudo-t-test. Localizations are reported as local maximum threshold with k≥ 10 voxels extent
threshold and with False Discovery Rate (FDR) correction at alpha = 0.0500, or uncorrected at alpha = 0.0010. L – left hemisphere; R – right hemisphere; BA – Brodmann's area; k –
number of voxels in analyzed cluster size; MNI - Montreal Neurological Institute coordinates.
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processing. This is reflected especially by the decreased activations in
the frontal, temporal and limbic cortices during processing of written
jokes. In particular, between-group contrasts reveal that the most im-
portant alterations in schizophrenia are associated with fronto-tem-
poral hypofunction in the right posterior temporal lobe during incon-
gruity detection, in the left dorsomedial frontal cortex during
incongruity resolution and elaboration as well as during comprehensi-
bility ratings, and in the dorsal ACC during the complete humor pro-
cessing and funniness ratings. Thus, we show that the humor compre-
hension process in schizophrenia seems to be deviant at all phases of
the humor comprehension process.
4.1. Impaired verbal humor comprehension in schizophrenia: a behavioral
level of expression
When analyzing behavioral data, we can consider our fMRI results
as neural substrates of a lower level of humor comprehension in schi-
zophrenia outpatients. The behavioral data related to humor compre-
hension shows subtle yet significant impairments in the comprehension
of funny punchlines, indicating the same diminished ability to under-
stand jokes in schizophrenia. This is consistent with previous studies on
humor in schizophrenia (Adamczyk et al., 2016; Bozikas et al., 2007;
Corcoran et al., 1997; Davenport, 2008; Falkenberg et al., 2007;
Marjoram et al., 2005; Polimeni and Reiss, 2006b; Polimeni et al., 2010;
Tsoi et al., 2008). Similarly, but only as a non-significant trend, we
found that schizophrenia outpatients were more likely to indicate
nonsensical endings as more funny, and that they found funny endings
less funny than the controls did. Importantly, these disturbances in the
joke comprehension process were accompanied by an increased re-
sponse time of joke ratings. However, this increased response time may
be assumed as a nonspecific effect in schizophrenia (i.e. antipsychotic
side-effects and cognitive impairments).
4.2. Neural substrates of impaired incongruity detection in schizophrenia
The semantic incongruity detection impairment in schizophrenia is
related to temporal lobe alteration (e.g. right posterior temporal cortex
hypofunction in schizophrenia) as assessed by between-group com-
parisons (ABS vs NEU). This region is recognized as being involved in
social cognition and higher-order language processing (Bigler et al.,
2007; Goel and Dolan, 2001; Thermenos et al., 2013). Recent studies
indicate that schizophrenia is related to morphological disturbances in
the V layer of the STG with GABA-ergic hypofunction in this region
(Steiner et al., 2016), with a lower volume of posterior STG
(Narayanaswamy et al., 2015), and decreased fronto-temporal con-
nectivity from the right STG to the dorsal ACC (Yoon et al., 2015) or IFG
and STG/MTG (Straube et al., 2014). These findings support our data
and suggest that diminished incongruity detection in schizophrenia
subjects is related specifically to structural and functional alterations in
the fronto-temporal connections. Altogether, this may be considered a
primary source of the impairments in humor processing (differences in
processing absurd semantic meaning in schizophrenia).
Additionally, within-group contrasts in healthy controls reveal that
the incongruity detection process is related to the activation of the
ventromedial IFG, which may be the result of surprising nonsensical
endings. Enhanced activity of frontal regions is associated with lan-
guage comprehension and semantic knowledge, i.e. controlled retrieval
of semantic information (Devlin et al., 2003; Gough, 2005; Mollo et al.,
2016). Activation in the dorsal ACC observed in healthy controls may
be considered to be the executive center of the error detection and
conflict monitoring system (Gauvin et al., 2016; Swick and Turken,
2002). Such activations have not been observed in schizophrenia out-
patients, which may further underlie difficulties in understanding
conflicting content. Thus, our results from healthy controls (but not
subjects with schizophrenia) indicate that incongruity detection is re-
lated to specific bilateral hyperactivation in the ventromedial IFG and
in the right dorsal ACC, possibly acting as a ‘warning system’ activated
during processing of a non-executable task. At the same time, we note
that processing the irresolvable incongruity of nonsensical punchlines
in healthy controls is related to a high degree of deactivations in frontal,
temporal, parietal and occipital cortices in both hemispheres. Most of
these regions were found to be activated in other contrasts, resembling
further steps in humor comprehension processing: incongruity resolu-
tion and elaboration. For example, the hypofunction of the dorsolateral
PFC (dlPFC) may be related to unexecutable tasks, e.g. irresolvable
semantic incongruities included in nonsensical condition (ABS). When
not employed, the dlPFC may lead to a reduced comprehensibility, or
vice versa. This is further supported by inhibition of the higher-level
language comprehension process which is manifested by suppression of
right MTG and the left IPL activity as parts of ventral and dorsal streams
of speech processing, respectively (Hickok and Poeppel, 2015). It
should be noted that observed deactivation in occipital cortices (e.g.
middle occipital gyrus - MOG) may be related to the concept of the
extended-TPJ, e.g. the temporo-occipito-parietal-junction (TOPJ),
which represents regions of multimodal sensory processing (Neely
et al., 2012). It is also relevant to social behavior (e.g. ToM) and de-
tection and processing of unexpected stimuli, such as the process of
incongruity detection and resolution (Vrticka et al., 2013).
The ABS vs NEU contrast reflecting incongruity detection suggests
that people with schizophrenia experience difficulties in recognizing
nonsensical content as mismatched to the semantic context of the story.
This could be the result of disturbances within an error conflict mon-
itoring system function employed in lexical and semantic reorganiza-
tion. This interpretation is supported by other research into the role of
the right temporal lobe (Bigler et al., 2007; Gainotti, 2013; Miozzo
et al., 2016; Price, 2010), prefrontal cortices (Chou et al., 2009; Gough,
2005; Ligeza et al., 2016; Miyake et al., 2000) and dorsal ACC (Gauvin
et al., 2016; Orr and Hester, 2012; Sohn et al., 2007; Swick and
Jovanovic, 2002; Swick and Turken, 2002) function and its structural
and functional alterations in schizophrenia (Callicott et al., 2000; Carter
Table 7
Between-group differences in brain activations during humor processing.
Contrast Healthy controls > Schizophrenia outpatients
side/brain region BA k MNI (x; y; z) Pseudo-t
1. Incongruity detection (ABS vs NEU) R posterior Superior Temporal Gyrus 41 40 42; −40; 11 3.78
2. Incongruity resolution and elaboration (FUN vs ABS) & Comprehension
rating*
L dorsomedial Middle Frontal Gyrus/Superior Frontal
Gyrus
8/9 21 −9; 38; 38 4.34
40* −6; 38; 38* 4.13*
3. Complete humor processing (FUN vs NEU) & Funniness rating* L > R interhemispheric dorsal Anterior Cingulate
Cortex
24 35 −6; 2; 26 3.75
10* −3; −1; 29* 2.98*
List of brain regions revealed by between-group contrasts during humor comprehension process and with comprehensibility and funniness ratings analyzed as parametric modulators (*).
Statistical analysis utilized a non-parametric whole-brain voxel-wise Pseudo-t-test. Localizations are reported as local maximum threshold with k≥ 10 voxels extent threshold and with
False Discovery Rate (FDR) correction at alpha = 0.0500, or uncorrected at alpha = 0.0010. L – left hemisphere; R – right hemisphere; BA – Brodmann's area; k – number of voxels in
analyzed cluster size; MNI - Montreal Neurological Institute coordinates.
P. Adamczyk et al. NeuroImage: Clinical 15 (2017) 525–540
533
et al., 1998; Ferrarelli et al., 2015; Fornito et al., 2009; Minzenberg
et al., 2009; Neuhaus et al., 2007; Polli et al., 2008; White et al., 2010;
Yan et al., 2012; Yoon et al., 2015).
4.3. Neural substrates of impaired incongruity resolution and elaboration
processing in schizophrenia
In the second contrast of verbal humor processing - the incongruity
resolution and elaboration (FUN vs ABS) - the between-group analysis
revealed significant suppression of activity in the left dorsomedial
MFG/SFG in schizophrenia. Furthermore, findings from parametric
modulation analysis concerning subjective evaluation of the compre-
hensibility of stories/punchlines seem to indicate the importance of the
PFC in incongruity resolution process rather than in elaboration or
funniness. This is generally in line with the literature data on the role of
the PFC for incongruity resolution (Campbell et al., 2015; Chan et al.,
2013; Kohn et al., 2011; Samson et al., 2008, 2009; Wild et al., 2006).
However, our findings and other research vary substantially in the PFC
location, with the exception of the unequivocal dominance of the left
hemisphere in successful humor comprehension process and reported
activations within the MFG/SFG in the various parts of BA 8/9/10
areas. Importantly, it should be considered, that a wide spectrum of the
cognitive abilities identified with the PFC may reflex the complex
nature of humor processing.
Moreover, the observed hypoactivation in the dorsomedial MFG/
SFG (BA 8/9) in our clinical group seems to partially support a previous
study on relatives of schizophrenia patients and observed hypoactiva-
tion in the middle PFC (BA 8/9) during ToM humor processing
(Marjoram et al., 2006). However, differences in reported locations
(medial PFC vs middle PFC) and examined functions (written joke
comprehension vs ToM humor processing) should be emphasized.
In general, our results from humor comprehension processing in
schizophrenia are in line with other research revealing suppressed en-
gagement of the PFC in executive functioning, problem reasoning, and
decision making in schizophrenia (Carter et al., 1998; Ferrarelli et al.,
2015; Minzenberg et al., 2009; Nielsen, 2011). Thus, we may assume
that the compromised process of resolving funny punchlines in schi-
zophrenia is primarily associated with hypofunction in the PFC, which
may be the principal cause of this deficit. Finally, considering the role
of PFC deficiencies in schizophrenia during humor comprehension
process, it should be emphasized that similar to the increase of the RT's
or basic cognitive skills deficiencies (e.g. MoCA assessment), all these
effects seem to be unspecific and related to hypofrontality, character-
istics of schizophrenia.
Furthermore, our results from within-group analysis reveal that
patterns of activation within the schizophrenia group are characterized
by similar but smaller volumes of activations in the left SFG, bilateral
TPJ and left precuneus. We also observed different lateralization pat-
terns of activation in temporal cortices (bilateral activations of the
posterior parts of temporal cortices in schizophrenia vs the right tem-
poral pole in healthy controls) and a lack of specific humor-related
activation of the left cerebellum and the left caudate nucleus in schi-
zophrenia.
It should be noted that the brain activity pattern in healthy controls
Fig. 2. Localizations of brain regions revealed by between-group contrasts during humor
comprehension process. Images of the localizations of brain regions activations (upper
panels: sagittal and coronal planes; left bottom: transverse plane) were obtained by
XjView toolbox (http://www.alivelearn.net/xjview). Each right bottom panel: mean
group beta values (± SEM) averaged from the whole analyzed cluster volume presented
as arbitrary units. Statistical analysis utilized a non-parametric whole-brain voxel-wise
Pseudo-t-test. Localizations are reported as local maximum threshold with k≥ 10 voxels
extent threshold and with False Discovery Rate (FDR) correction at alpha = 0.0500, or
uncorrected at alpha = 0.0010. L – left hemisphere; R – right hemisphere; BA –
Brodmann's area; k – number of voxels in analyzed cluster size; MNI - Montreal
Neurological Institute coordinates; pSTG – posterior Superior Temporal Gyrus; dmMFG –
dorsomedial Middle Frontal Gyrus; dACC – dorsal Anterior Cingulate Cortex.
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during the resolution and elaboration of incongruities in funny pun-
chlines was mainly manifested by unspecific activations which con-
tained cognitive and the emotional components, what may be simply
associated with the overlapping of the incongruity resolution and ela-
boration stages as assessed in this contrast (FUN vs ABS). This is com-
monly reported in the literature as the correlates of subjective ratings of
funniness also frequently activate cognitive components such as the
dorsomedial PFC, TPJ, TP, ACC or precuneus (Vrticka et al., 2013). In
line with previous studies (Bartolo et al., 2006; Chan et al., 2013;
Marjoram et al., 2006; Samson et al., 2008, 2009), our results suggest
that the proposed cognitive component of incongruity resolution for
funny endings may be related to specific hyperactivation, particularly
in the left hemisphere, and includes the dorsomedial MFG/SFG, TPJ
and precuneus. However, it should be emphasized that these activations
were related to both types of ratings. Importantly, the within-group
analysis confirms that the volumes of activations of these regions were
Fig. 3. Localizations of brain regions revealed by between-
group contrasts during comprehensibility and funniness
ratings analyzed as parametric modulators. Images of the
localizations of brain regions activations (upper panels:
sagittal and coronal planes; left bottom: transverse plane)
were obtained by XjView toolbox (http://www.alivelearn.
net/xjview). Each right bottom panel: mean group beta
values (± SEM) averaged from the whole analyzed cluster
volume presented as arbitrary units. Statistical analysis
utilized a non-parametric whole-brain voxel-wise Pseudo-t-
test. Localizations are reported as local maximum threshold
with k≥ 10 voxels extent threshold and with False
Discovery Rate (FDR) correction at alpha = 0.0500, or
uncorrected at alpha = 0.0010. L – left hemisphere; R –
right hemisphere; BA – Brodmann's area; k – number of
voxels in analyzed cluster size; MNI - Montreal
Neurological Institute coordinates; dmMFG – dorsomedial
Middle Frontal Gyrus; dACC – dorsal Anterior Cingulate
Cortex.
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significantly smaller in the schizophrenia group. Furthermore, in
healthy controls, the analysis including subjective ratings found just
one activation of the subcortical region specifically dedicated to better
understanding of jokes seemingly related to incongruity resolution: the
left caudate nucleus. The activation within this region is a part of the
brain reward system response following a successful resolution of se-
mantic incongruities in funny endings. In previous research, activation
of the caudate nuclei was recognized as being correlated with the me-
socorticolimbic system activation during successful processing of jokes
(Franklin and Adams, 2011; Mobbs et al., 2005). In other words, ‘get-
ting a joke’ is rewarding and pleasurable in itself. However, it should be
noted that in this study we did not find any activation of the left cau-
date nuclei during incongruity resolution and elaboration in the schi-
zophrenia group, but we found a specific schizophrenia-related acti-
vation of the right caudate nuclei during funniness ratings.
Similarly, we found only one specific activation seemingly asso-
ciated with emotional processing resulting from elaboration - the left
posterior cerebellum - which was related to higher subjective funniness
ratings. This supports previous studies into the role of the cerebellum in
humor perception and appreciation as well as its relationship to
laughter (Bartolo et al., 2006; Frank et al., 2012, 2013; Franklin and
Adams, 2011; Goel and Dolan, 2007; Hutcherson et al., 2005; Wild
et al., 2003). However, it should be emphasized that we did not find
such cerebellum activation in subjects with schizophrenia.
4.4. Neural substrates in the diminished complete humor processing in
schizophrenia
Lastly, in the contrast reflecting the complete humor processing
(FUN vs NEU), between-group analysis revealed differences in inter-
hemispheric (L > R) dorsal ACC hypofunction. This supports findings
from the analysis including funniness ratings. Thus, it may be seen as a
neural substrate of the tendency to indicate funny endings as less funny
and/or indicating nonsensical content as more funny, in contrast to the
control group.
Additionally, the comparison of patterns of within-group contrast
reveal that schizophrenia is characterized by smaller volumes of acti-
vation in the bilateral TPJ (with preserved dominance of the left
hemisphere) simultaneously with a specific absence of temporal cortex
responses. Importantly, the above mentioned findings were supported
by more precise conjunction analysis (FUN – ABS masked by FUN -
NEU) results. This revealed that in healthy controls the neural sub-
strates engaged in the quintessence of the successful humor compre-
hension process (e.g. incongruity resolution and elaboration of the
funny puns) were present within the temporal and parietal lobes of the
both hemispheres (e.g. temporal lobe L < R; TPJ L > R). What is
most important, in the schizophrenia group we found the sole essential
activation for funny puns processing in the left posterior STG and
Angular Gyrus, considered as a part of TPJ. Apart from lack of both
temporal lobe activations, the most intriguing fact is that we did not
find any such activation in the right hemisphere. This seems to be an
essential difference in the pattern of the activation evoked by the funny
jokes between healthy controls and schizophrenia outpatients.
Furthermore, it may provide clear evidence of disturbances in the
process of differentiation between neutral and funny content and pro-
blems with semantic change of incongruities within funny endings.
Finally, the temporo-parietal processing alterations in the right hemi-
sphere seems to be the most probable and evident cause of diminished
humor processing abilities in schizophrenic population.
On the other hand, when including a subjective value of funniness,
the most prominent differences between the groups indicate suppressed
activation in the dorsal ACC in the schizophrenia group. The within-
group pattern comparison also reveals a significantly lower number of
activated regions in schizophrenia, especially in the frontal, temporal
and parietal regions, and an absence of activation in the left cerebellum.
Together, these findings indicate that the difficulty in assessing
funniness is associated with hypofrontality (especially in the prefrontal
and cingulate cortex). These disturbances may be also related to the
observed tendency to indicate nonsense as funny, which may be in-
terpreted as a deficiency in the conflict monitoring system (Neuhaus
et al., 2007; Yan et al., 2012) resulting in detecting absurd content as
semi-coherent. This is in accordance with our findings on the role of the
dorsal ACC in the incongruity detection process. Finally, as we found no
specific activation within the cerebellum in the SCH group, which can
be associated with the observed tendency to find funny endings less
amusing than the control group. Apart from the exceptional study by
Marjoram et al. (2006) into high-risk relatives, we did not find any
publications which investigate this issue in chronic schizophrenia out-
patients.
Otherwise, the pattern of brain responses in healthy controls during
the complete humor processing in the within-group contrast indicated
that funny punchlines differed from neutral content in a greater tem-
poro-parietal activation of both hemispheres (with left parietal and
right temporal dominance). This is consistent with previous findings on
humor (Bartolo et al., 2006; Campbell et al., 2015; Goel and Dolan,
2001; Kohn et al., 2011; Mobbs et al., 2003; Samson et al., 2008; Wild
et al., 2006). Our research revealed unique results since, except the left
cerebellum, we did not find brain activations believed to be neural
correlates of the feeling of amusement such as the rectus gyri in the
orbitofrontal/ventromedial PFC, ventral ACC, insula, amygdala or
parahippocampal gyri (Chan et al., 2012; Franklin and Adams, 2011;
Goel and Dolan, 2001; Mobbs et al., 2003; Samson et al., 2008; Wild
et al., 2006).
One possible explanation is that the jokes included in our proce-
dures were not funny as such, but rather they were almost-funny-jokes
which were able to induce humor-related responses (i.e. ‘not funny, but
intended to be funny’; Campbell et al., 2015). This may be because most
of the ‘really funny’ jokes were rejected during pre-selection because of
vulgar and/or offensive content, which would be used in a natural so-
cial environment (as opposed to our laboratory conditions). Sig-
nificantly, this interpretation would be in accordance with the social
violations theory of humor originated by Thomas Veatch (1998). Again,
our jokes (with the funny punchlines) were correctly assessed as logical
as the semantic transition was maintained in our experimental stimuli.
This was previously confirmed by a panel of judges indicating that these
jokes were considered funny. However, our procedures did not distin-
guish between the understanding of the jokes and being amused by the
jokes. Thus, we can only consider the regions within the neural circuit
involved in the humor comprehension process and not the state of
amusement. In other words, our funny stimuli were able to induce brain
responses as a result of specific processes associated with humor com-
prehension but without a strong emotional amusement reaction. We
were only able to testify how this cognitive process runs, without
gaining insight into its essential emotional responses. Otherwise, when
analyzed by parametric methods (data not shown), our results reveal
certain between-group differences in comparison to the funniness rating
process, e.g. in the interhemispheric ventromedial prefrontal cortex, the
rectus gyrus (BA11) or in the right amygdala; however, these activa-
tions did not survive the threshold in non-parametric tests.
Furthermore, in reference to the literature, we occasionally found
contrary activations, i.e. we did not find activations in regions sug-
gested by other authors for the incongruity detection process, e.g. the
right MFG and MTG (Chan et al., 2013). More specifically, neuroima-
ging studies by Chan et al. (2012, 2013) reveal that each stage of humor
comprehension involves different brain regions. They identified clear
divisions between brain regions activated during incongruity detection
(e.g. MTG and MFG in the right hemisphere), incongruity resolution
(e.g. the left SFG and IPL) and elaboration (e.g. the left ventromedial
PFC, the right ventral ACC, the amygdala and the bilateral para-
hippocampal gyrus). It should be noted that activations were found to
be different and/or more or less extensive in different studies. In gen-
eral, previous studies on humor indicated fronto-temporal and
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temporo-parietal activation in association with the cognitive compo-
nent of joke processing, as well as ventromedial PFC activation in as-
sociation with its emotional component (Bartolo et al., 2006; Goel and
Dolan, 2001, 2007; Mobbs et al., 2003; Samson et al., 2008, 2009; for
an extended review see Vrticka et al., 2013). However, this differ-
entiation between brain regions engaged in the humor-related neural
circuit needs to be evaluated further, as suggested by our results and
other recent findings (Campbell et al., 2015). Some authors suggest that
fMRI methods may not be optimal for disentangling the incongruity
detection and resolution processes because they occur almost in-
stantaneously. This means that other methods which can provide high
time resolution are more suitable (e.g. EEG or MEG), and need to be
used in the evaluation of the dynamic time components related to this
rapid neural network activation (Vrticka et al., 2013). Recent research
(Du et al., 2013; Shibata et al., 2016) using EEG ERP methods in-
vestigated the locations and time course of incongruity detection and
resolution. Du et al. (2013) found that incongruity detection of funny
content results in a more negative ERP deflection generated in the left
MFG and temporal lobe at a 400 ms time window. They also found a
negative/positive ERP deflection change generated in the ACC between
600 and 800 ms, which reflects incongruity resolution and the later
positives generated in the MFG and fusiform gyrus during the ela-
boration/appreciation stage at 1400 ms. Furthermore, other research
shows that incongruity detection activates frontal regions (e.g. SFG and
medial PFC) approx. 200 ms after the punchline and that incongruity
resolution activates temporal-parietal regions at a time window of ap-
prox. 600 ms (Shibata et al., 2016). Thus, the right temporal and left
fronto-parietal circuit seems to be a critical neural loop engaged in
humor processing. We should note that in verbal humor, other stimuli
modalities of jokes (e.g. cartoons) need to be considered in the three-
step humor comprehension model to understand the specificity of the
brain activations involved in the process of incongruity detection and
resolution. Until then, the phenomenon of ‘getting a joke’ remains in-
sufficiently well understood, therefore further studies into the dis-
sociation of incongruity detection from the resolution process need to
be conducted.
4.5. On the role of the right hemisphere in verbal humor processing: double
hemispheric dissociation in humor processing
Our results support the critical role of the right hemisphere in the
integration of the humorous content of funny punchlines. In particular,
within-group analyses reveal specific activation in the right TPJ in re-
sponse to funny conditions. We conclude that these activations may
reflect the specificity of this region in the evaluation of the humorous
component of funny punchlines. Moreover, this was confirmed by a
positive correlation of subjective ratings and the activation of this re-
gion. In other words, the right hemisphere seems to be engaged spe-
cifically in the processing of incongruity resolution and elaboration
(e.g. funny content processing), but not when resolution of semantic
incongruities is impossible (e.g. nonsensical content processing).
Similarly, we also argue that the activation of the right temporal pole
(or more extensively, the right anterior MTG/STG) during the com-
prehension of funny punchlines reflects the process of obtaining co-
herence between distant semantic meanings within the figurative
meaning of humorous stimuli. We found that the left anterior MTG/TP
activation, indicated by the contrast reflecting the complete humor
processing of funny punchlines, was specifically related to a better
comprehensibility of the story but not its funniness. Thus, these results
suggest a double dissociation of the right and left hemispheres during
processing different aspects of humor. It is in line with previous studies
indicating the engagement of the right temporal cortices in processing
surprising, unexpected or less probable word meanings and its in-
tegration within semantic context (Federmeier and Kutas, 1999;
Gainotti, 2013; Goel and Dolan, 2001; St George et al., 1999). Data
from patients with right-hemisphere brain damage strongly supports
this opinion. Damaged right-hemisphere language functions are mani-
fested in an impaired ability to recognize, comprehend and use hu-
morous stimuli (Benton and Bryan, 1996; Brownell et al., 1983; Bryan,
1988; Heath and Blonder, 2005; Lehman Blake, 2003; Winner et al.,
1998). Importantly for this issue, it should be pointed out again, that
our results from conjunction analysis strongly suggest, that neural
network alterations of the right hemisphere, especially in the temporal
and parietal lobes, may be the most prominent neural substrates of
impaired verbal humor comprehension processing in schizophrenia.
5. Limitations
The results provide the first evidence concerning the neural sub-
strate of diminished humor comprehension processing in schizophrenia.
However, since our examinations are pioneering in their nature, some
issues need to be discussed.
First of all, it must be pointed out again that the incongruity model
of humor processing, commonly applied and assessed in humor re-
search field, reflects only the theoretical approaches of Suls (1972) and
Wyer and Collins (1992). Hence, investigation of the theoretical con-
cept of incongruity detection and resolution may in future bring
somewhat confusing results. Furthermore, considering complex nature
of humor processing in the wide spectrum of human social interactions
(Veatch, 1998) it must be pointed out that each experimental assess-
ment may investigate only a small part of such a highly complex phe-
nomenon as humor. Noteworthily, a conflict between a phenomenology
of humor and methodological approach in MRI assessment should be
discussed. Emotional cognitive process such as humor comprehension
(i.e. incongruity detection and resolution) and emotional amusement
(i.e. elaboration) should be considered in close relation with the bio-
logical reaction of laughter (which is a final element, different from
pure elaboration). Hence, laughter is one of the most important ele-
ments of humor in its natural social conditions, but investigation of this
aspect of humor is in their nature very hard under fMRI methodological
conditions. The reason is obvious, the more the subject is laughing the
more uncontrolled additional movements appear. Such motor artifacts
were basically undesirable in the neuroimaging investigations (e.g.
fMRI BOLD signal analysis exclusion criteria). Moreover, considering
the above, we can be not sure of what in fact funniness rating means. In
other words, it is unknown in which part funniness rating reflects the
subjective emotional amusement, or rather the cognitive abilities to
appreciate the processes of ‘getting a joke’.
Secondly, when considering differences between healthy controls
and schizophrenia outpatients, we need to raise two issues. First, the
effects in healthy controls are generally conserved under the FDR cor-
rection, while in schizophrenia subjects they are only significant when
uncorrected. This may be related to the fact that the SCH group may be
internally less homogeneous in terms of brain activity and deviation
from the healthy brain. Moreover, this could be also affected by long-
term antipsychotic pharmacotherapy on an individual basis. Other
possible confounding factor, e.g. morphological differences between
brains of schizophrenic subjects and controls (Gong et al., 2016;
Rubinov and Bullmore, 2013; Van Haren et al., 2013; Zhang et al.,
2014) may be also related to this issue. However, there are still no
unequivocal findings concerning anatomical brain differences between
schizophrenia and neurotypical. Moreover, concerning between-group
differences, it should be noted that psychosocial functioning and psy-
chopathological condition of the recruited schizophrenic subjects were
relatively good. Conversely, the patients whose psychopathological
symptoms increased (e.g. clinical deterioration such as paranoid
thoughts or high anxiety levels) were automatically rejected from the
MRI scanning procedure. It should be stressed that the clinical subjects
were not coerced into enrolling in the study and they were all in rela-
tively stable remission of the psychopathological symptoms.
Thus, our results concerning differences in brain responses during
processing of jokes in the healthy controls and schizophrenia
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outpatients are preliminary guidelines to the humor comprehension
neural circuit and its deficit. Further neuroimaging studies of clinical
subjects need to be conducted to extend the knowledge about the neural
basis of diminished humor comprehension in schizophrenia.
6. Conclusions
In conclusion, our results suggest that there are differences in verbal
humor processing between individuals with schizophrenia and healthy
controls. The differences are mostly clearly visible in longer response
times and finding jokes less comprehensible, as compared to the control
group. Neural substrates of these humor processing alterations in
people with schizophrenia were indicated by attenuated brain activa-
tions in the right posterior temporal cortices (STG, BA 41) at the time
when irresolvable incongruity in nonsensical content was being pro-
cessed, the left dorsomedial frontal cortex (MFG/SFG, BA 8/9) when
processing resolvable and funny incongruity in funny puns, and the
interhemispheric dorsal anterior cingulate cortex (ACC, BA 24) during
complete humor processing. Based on these conclusions, our pioneering
work on humor processing in schizophrenia suggests there are differ-
ences throughout entire humor comprehension process, which is ac-
companied by fronto-temporal hypoactivation.
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